We discuss ice core dating, the difficulties connected with trace measurements, and the significance of the ionic composition of snow. We examine temporal (from the last decades back to the last climatic cycle) and spatial (including examples from coastal as well as central areas of Greenland and Antarctica) variations in the ionic budget of the precipitation and evaluate ice core studies in terms of the chemical composition of our past atmosphere. We review (1) how Greenland and Antarctic ice cores that span the last few centuries have provided information on the impact of human activities and (2) how the chemistry of deep ice cores provides information on various past natural phenomena such as climatic variations (glacial-interglacial changes, E1 Nifio), volcanic eruptions, and large boreal forest fires. Glaciochemical studies are of importance for obtaining proxy atmospheric data at high latitudes, since direct atmospheric measurements are rare and limited in time. They can also provide valuable data concerning paleovolcanism, the response of our atmosphere to other natural phenomena such as major and/or rapid changes in climate, and the response of the high-latitude atmosphere to human activities (e.g., acidification of precipitation, ozone depletion, and oxidative capacity of the atmosphere). Such information can also increase our knowledge of the natural variability of major biogenic cycles. 
Glaciochemical studies are of importance for obtaining proxy atmospheric data at high latitudes, since direct atmospheric measurements are rare and limited in time. They can also provide valuable data concerning paleovolcanism, the response of our atmosphere to other natural phenomena such as major and/or rapid changes in climate, and the response of the high-latitude atmosphere to human activities (e.g., acidification of precipitation, ozone depletion, and oxidative capacity of the atmosphere). Such information can also increase our knowledge of the natural variability of major biogenic cycles.
BRIEF HISTORY OF GLACIOCHEMICAL
STUDIES the northern hemisphere [Neftel et al., 1985; Mayewski et al., 1986 ] over time relative to increased emissions of NOx and SO2 from fuel combustion. The first studies of methanesulfonate, or MSA (CH3SO•-), the only atmospheric source of which is dimethylsulfide (DMS) emitted by marine biota, gave new insight on the past variability of oceanic DMS emissions and their contribution to the natural sulfur cycle [Saigne and Legrand, 1987] . Although extensively studied, nitrate remains the species for which it is still most difficult to assess main sources [Legrand and Kirchner, 1990 ] and paleoenvironmental significance [Wolff, 1995] 
Dating of Snow and Ice
The establishment of reliable chronologies for ice cores is the first necessary step in glaciochemical studies. Depending on the required accuracy and the time period and the location (high or low annual accumulation rate) under consideration, various methods can be used to provide dating of depth profiles. These include stratigraphic studies, reference horizons, radioactive decay of some radionuclides, and comparison with other records.
In principle, numerous stratigraphical methods based on seasonal changes in the isotopic composition of the ice or in the concentration of impurities, as well as in physical properties of snow, may be used to establish year-by-year dating of ice cores. Summer deposits are often composed of coarser-grained crystals (hoar layers) and packed more loosely than are the fine-grained, more homogeneous, and hard-packed winter deposits [Gow, 1965] .
The dating of ice layers based on the seasonality of the stable isotope content [Dansgaard, 1964] has been applied to numerous ice cores. One advantage of this method is that no special precautions are necessary to prevent sample contamination. However, a damping effect related to diffusion processes occurring during firn formation limits the stable isotope method to the dating 222 ß Legrand and Mayewski' ICE CORE GLACIOCHEMISTRY 35, 3 /REVIEWS OF GEOPHYSICS of the upper part of firn in location where the snow accumulation rate is lower than 200 kg m -2 yr -• [Johnsen, 1977] .
Hydrogen peroxide was found to be one of the clearest seasonal tracers in ice cores [Sigg and Neffel, 1988] , at least in sites characterized by high accumulation rates of snow, with a typical summer-to-winter ratio higher than 5 (Figure 2 ). This is thought to be due to enhanced photochemistry in summer. Such a method does not require extensive contamination control procedures and is rapid (even in the field) by using continuous flow analysis (section 3.3). However, as with the seasonal variation of the stable isotopic content, the H202 method is also limited to high-accumulation sites because of diffusion and smoothing with depth of the seasonal cycle. Furthermore, such a method cannot be applied to ice with high dust content because of the destruction of H202 in ice by oxidants [Neftel et al., 1986] .
Among the other chemical species currently measured in polar precipitation, calcium and ammonium exhibit very strong seasonal cycles in Greenland, as does sodium in both Antarctic and Greenland snow layers. Concentrations of Na + a tracer of sea salt, exhibit well-marked winter maxima in both central Greenland Figures 2 and 3 ). MSA is a special case, for which the seasonality exhibits a complex picture.
Indeed, while no clear seasonal feature is found in central Antarctica (Figure 3a) , a strong summer maximum has been detected in surface snow layers in coastal Dry deposition processes include direct impaction of gas or aerosols and filtration of aerosol through the upper part of the firn (the "wind pumping effect" [Cunningham and Waddington, 1993] ). An apportionment of the different deposition processes was performed for the summer season in central Greenland [Bergin et al., 1995] . Although snow deposition is the dominant process during the summer at this site, it is shown that deposition of species with fog may contribute as much as one third and that dry deposition is also significant. However, the respective contributions of wet and dry deposition modes to the total deposition are not well quantified for many sites. It is likely that in most high-altitude polar regions characterized by very cold temperatures, dry air, and very low annual accumulation rate of snow, a large fraction of impurities are deposited directly onto the snow surface. Thus changes in past snow accumulation rates in conjunction with changes in meteorological conditions could lead to a variable dilution of the dry flux, hence modulating concentrations in ice, even if atmospheric concentrations remained unchanged. An accurate interpretation of ice core data therefore requires knowledge of the mean snow accumulation rate over the past as well as of the relative contribution of dry processes to the total deposition of impurities. Comparison of total deposition fluxes observed at various locations characterized by different snow accumulation rates can be used to estimate the contribution of the dry flux to the total (dry plus wet) flux at a specific polar site. As seen in Figure 4, processes, such as diffusion from the gas phase to the ice crystalline lattice and redistribution in firn after snow deposition can also be important. 
In coastal areas, owing to the large contribution of sea salt, Na +, CI-, Mg ++, Ca ++, and a portion of the SO4 represent a dominant part (---80%) of the ionic budget (Table  3) . Farther inland, the sea salt input is strongly decreased, and other contributions to the ionic budget become dominant (65-80% (Table 3) The contribution of insoluble species can be estimated from A1 determinations and by using the ratio of elements to aluminium of the mean crust [Taylor, 1964] . As is summarized in Table 3 , under present climatic conditions, soluble species dominate the mass of impurities present in Antarctic snow with a main contribution from sea salt and an increasing contribution of mineral acids (H2504, HC1, and HNO3) farther inland. In Antarctic ice corresponding to the last glacial maximum, insoluble species become predominant, representing at least 50% of the total mass of impurities present. Similarly, terrestrial salts, which are present at insignificant levels under present climatic conditions, represented some 25% of the total ionic budget of Antarctic ice deposited during the last glacial maximum.
Mean Greenland Ionic Balance
The ionic budget of Greenland ice has not yet been fully characterized because only a few direct acidity measurements have been made. We report here a preliminary view recently obtained from Summit ice, deposited both under present climatic conditions (Figure 7b ) and during the last glacial maximum (Figure 7d (Table 4) H20 2 is the only oxidant from the atmosphere that can be studied in polar ice to help reconstruct the oxidative capacity of the atmosphere. The most promising record for reconstruction of atmospheric trends was obtained at several Greenland sites by Sigg and Neftel [1991] and gives evidence of a 50% increase in the mean concentration over the last decades (Figure 11 ) in agreement with the expected effect of growing emissions of NOx, CH4, and CO [Thompson, 1992] . Although HCHO is not an oxidant, it is an oxidation product of hydrocarbons, and its ice record may be useful to establish past oxidative capacity of the atmosphere. Staffelbach et al. tudes. Finally, despite the proximity of ocean around Antarctica, the very low ammonium level of precipitation in these regions is an argument against the existence of a net source of ammonia from the polar ocean, as is sometimes suggested [Quinn et al., 1990] . In addition to sporadic volcanic eruptions of large magnitude, numerous sources can be of importance for the budget of excess sulfate in polar regions. They include sulfate production from emissions of DMS by marine biota, volcanic degassing into the troposphere, and the stratospheric reservoir. Fifteen years ago, it was a well-accepted idea among workers that the background SO•--level of Antarctic ice is mainly marine and biogenic in origin (see (1925-1926, 1941, 1957-1958, 1972-1973, and 1982-1983, Figure 14) . Legrand and Feniet-Saigne [1991] suggested that these MSA peaks are related to an enhanced DMS concentration in the Antarctic marine atmosphere during E1 Nifio years possibly resulting from higher sea surface wind speeds, which could lead to more efficient air-sea exchange of DMS. Another plausible explanation is that this increase is due to increased sea ice extent or duration during the E1 Nifio years, which could therefore cause higher DMS emissions at high southern latitudes. 
Summary
Ice core chemistry studies have provided some important information on the chemistry of the past atmosphere over various time periods including the industrial and preindustrial eras and the last glacial cycle. Greenland ice cores indicate that human activities have already significantly enhanced the acidity (HNO3, H2SO4, HC1, and HF) and heavy metal content of the northern hemisphere atmosphere. They also suggest that anthropogenic emissions may have changed the oxidative capacity of the atmosphere. Ice cores covering the preindustrial era reveal that large volcanic eruptions have strongly disturbed the chemistry of polar atmosphere in both hemispheres. The high northern latitude atmosphere has also been sporadically disturbed by boreal forest fires.
The aerosol content of our "natural" atmosphere is very s•nsitive to climatic variations, with enhanced inputs of sea salt and dust, and to a lesser extent, sulfur-derived species, during glacial conditions. In contrast, continental biospheric emissions have likely been strongly lim-!ted, at least at high northern latitudes, during colder climates. Such ice core studies have highlighted our knowledge of main sources of impurities driving the chemical composition of these background high-latitude atmospheres as summarized in Table 5 .
PERSPECTIVES
With respect to our present knowledge of the relationships linking the composition of the precipitation and that of the atmosphere at the time of deposition, ice core data interpretation related to aerosols (sea salt, soil dust, sulfur-derived species) is more straightforward in terms of atmospheric chemistry changes than that for reactive gases (HNO3, HC1, H202, HCHO, and the carboxylic acids). In the future, with the aim of increasing the capability of describing the chemistry of our atmosphere and its natural variability in the past, there is an urgent need to give strong impetus to investigating the air-snow relationships for various chemical species. The transfer functions of gaseous species that interact strongly with ice are the most complex and require both field studies and laboratory experiments.
In addition to such fundamental aspects, much more information may be extracted from ice cores. For instance, the use of adequate mathematical procedures for extracting sporadic events, secular trends, and periodicities found in the data sets, as recently developed by Mayewski et al. [1993] , will increase the quantity and the quality of information extracted from the records. The studies of other chemical species like those derived from methyl halogens (CH3I, CH3Br ) will certainly provide new information concerning the key role of marine biogenic emissions on the chemistry of our natural atmosphere. Finally, studies dedicated to organic matter and its speciation will likely reveal numerous tracers of biogenic processes and possibly help in reconstructing past oxidative capacity of the atmosphere.
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